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Abstract: The study aimed to identify an effective probiotic combination for the removal of deoxynivalenol
(DON) from wheat and corn, and to verify the detoxification effect of solid-state fermentation. The content of
DON removed, adsorbed, and degraded by the selected strains was measured using high-performance liquid
chromatography (HPLC). The results showed that in the liquid matrix, the detoxification rate increased with
the reaction time and was higher for Streptococcus pentosus, Saccharomyces cerevisiae, and Lactobacillus
plantarum among all the bacteria. After 24 hours, the maximum detoxification rates of the individual strains
reached 79.62%, 62.22%, and 82.75%, respectively. Measurement of DON content in different treatment
solutions revealed that the removal of DON by the three strains was primarily due to adsorption, with a DON
desorption rate of less than 15%. In the solid-state fermentation system, the highest detoxification rate of
DON-contaminated wheat could reach 79.49%, when the inoculation amount of three strains were 1x10°,
1x10" and 1x10* CFU/mL. The highest detoxification rates for DON- and zearalenone-contaminated corn
achieved 61.54% and 78.15%, respectively, when the inoculation amount of three strains were 1x10°, 1x10*
and 1x10” CFU/mL. In addition, the combined solid-state fermentation of the three strains increased the crude
protein and reduced the crude fibre content of toxin-contaminated wheat and corn. This study identified
compound probiotics that can efficiently remove DON in liquid substrates and solid-state fermentation
systems, and preliminarily explored their detoxification mechanisms, which could provide a theoretical and

practical basis for the detoxification of grains contaminated with mycotoxins through solid-state fermentation.
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HI W R DR DON 25, E 2 ABERE R 31071
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1 MBEFZE
11 #MHE5XHE

DON 754¢/N4 ( DON 2 500 ug/kg ). DON il
FKIREFETER ( Zearalenone, ZEN ) BS54 £k
( DON 3 500 pg/kg, ZEN 1 500 pg/kg): $JF
i B A B A

JBE R Bk # ( Pediococcus pentosaceus ). g
PEEBR T ( Sreptococcus thermophilus ). Hi#)#,
¥ ( Lactobacillus plantarum ) . i 7 &
( Saccharomyces cerevisiae ) . # #5 2 4 #T B
( Bacillus subtilis): [ ¢ HUKL & W) 54k 25 Jm Bk
9T BE MR B B8 SR T T R AT

s WX E Y (MRS) Ki3#3E; Luria-
Bertani (LB ) }i3R3&; BERERRIRIE . EAE T 1%.
BHOAM 1%, BRI 0.5%, DL L3Rk
i AT T 121 °Cre KB 15 min,

kol 0% . W . Dikma 2 H), DON, ZEN
PRuESh : 5 ERA PR A F] . Xk B K
IR G e A . Jb R L RV EMHARSE
FRAF
12 BEERPERERSZENNE

W S 30 B AR A TR AR TS LS T &S R, JF
FERG % R8I G o BIAE 2% Fh A S mL B
fitf 1% R S (AEA)FLAT B R0 SORE FBRER . MRS 85
IR 37 °C; FERVEEERE: FEREEGFRIL. 28 °C;
S HEE BRTAT | Al B ZE AT 1 : LB iR 5. 32 °C ),
[ B A DON i HZ8 ik B2 Ry 1 pg/mL, i HEZH H]
LR R IL A W, 280 r/min $EARKEIE 4.
8. 12, 16, 20, 24 F148 hJ5, MMAZEKB NG
2, 8000 r/min B.0> 3 min, B 1 mL &R
DON .

# DON Hrife dhis gt T LB VAT, e i 6 0.1
0.5, 1.0, 5.0 Al 10.0 pg/mL FIFRAE TAEW, 27
FREMEIL . @EH . CI18 4, K 150 mm,
WAL 4.6 mm, BRI EAE S pum; AR FilR; Hh
A EZEK T 99.9%EI5ER CN (HAiK « L=
9:1); W@: 0.8 mL/min; M. 218 nm;
PERERE: 20 pLo FEMIAES T 0.22 pm JEAR S HL
1 mL EALEHI

DON FrifEfhZE: y=0.064 40x+101.070 59,
R*=0.999 97, x MU (mv-S), y A DON ¥
J& (ng/mL), tR#EZAE (500~2 000 ) ng/mL ¥
JEEE Bl N2t G R R

% = (X HRZ DON % — 4 ¥4 DON
) /R4 DON % & x 100%.

1.3 WRtHZEHRSEHB SV HIFR
1.3.1  WHHE

R BRaE Y 100 mL B0 2 43, 1
3T 121 °CKI% 15 min, 7 14y 4 CEAE, 2 4
FEMELO S AN TTIE . F 0.9% AL B WOk I
3WJEEAE, JIA DON i &k E N 1 pg/mL,
FEA BT AR R FE T 280 r/min FEIREE IR, W 0
24 48 h IFHURE, A FRERIKTEUE 2~3 WE B0 1%
HMDTIE, A CNE iR 5 A 41 h DON,
HPLC EHLIE DON &, B M 3 ER .
132 REfRVEH

ks 3 2R A 50 mL, 9 000 r/min
B0 10 min, W 4 CIRAEAH, FEEKH
Tris-HCL (pH=7.4) ¥k 3 WinEg:, IR
WA RE S5~6 YK, T 12 000 r/min #5.0> 10 min [
KA, RIS . K RIS A
WP BT AN AR . (1) 4 °CEAFE; (2) i
TKUALEE 2 ho A FR S ARE S AETC TR 25 F T3 0.22 pm
IKZRIERE, A DON i FAYK B 1 pg/mL, 43l
TAHRE R T 280 r/min $EARIESE, [N 0, 24, 48
172 h BFBURE, HPLC _EALIGE DON i[RI
Tris-HCL 22 M A S5 5 1) DON R 25 I X R
1.4 MXAt 5525 Bt 25 1 A IR PR 70 £ IR B 45 1
1.4.1 Mg

FH B 0 R B0 22 o T A AU 1

(UK ERTR 3.84 mL LA 800 mL 1B 2liK 1,
HERRARIL 20 g MOREIAE & AR —EESERA
1 000 mL &M, ik k2215 ), in A DON
AW EE R 1 pg/mL, 37 °C. 280 r/min 17k
BRFSCE, FF40%0F 30, 60, 90, 120 F1 180 min
A0 B R, HPLC EHLIN A DON & &, Ry
DON [ ¥ 1 28 1153 I8 B2
1.4.2 W AR

] b3 50 45 RS O 5 BT EE RO AN T
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W (FREUER KH,POy 6.8 g i T 500 mL #E20
K, i 0.1 mol/L NaOH iAW M7 pH & 6,
HEBR PRI 10 g R fiff HOE S KIS, K P AV TR
¥5I% A 1 000 mL 78 K E R B2 ),
JIA DON fifi &k 4 1 pg/mL,37 °C 280 r/min
AT LS, IF 0T 60, 120, 180, 240 Fi
300 min AFEOECEH , HPLC _EHLINE DON & &,
1.5 IEMEXRESEERSHRIEN
1.5.1 IEAZSLE T

0 1E 0 Y 25 A2 TR R R 2 % 4K, 280 r/min
MR 24 h il 8 RIERTR . DADSORE v 3kd . i
W BEFIAE D FLAT BN B R 2R, 7R Z A5 Y
it b, B R ek A5 B A AR SR 1x10°
1x107, 1x10° CFU/mL MK F-, L DON i
RNFERR, W LY (3%) IEARSLE (% 1~2).

®1 ETKER

Tablel Table of factor levels

K P R ER TR R T e B T FLAT
1 1x10° 1x10° 1x10°
2 1x10’ 1x10’ 1x10’
3 1x10° 1x10° 1x10°8

F2 EXFTWFITE
Table2 Table of orthogonal experimental designs

G VIO R Bk TR IS e B HFLAT B
1 1 1 1
2 1 2 3
3 1 3 2
4 2 1 3
5 2 2 2
6 2 3 1
7 3 1 2
8 3 2 1
9 3 3 3

1.5.2 K EEBEE RN 2

Oy M BO TR I T RIS YN E B E K 100 g
TR, BB W] 48 h, ARWERE 32 °C.
BUKE 10 0.6, BEEEEME 13107 CFU/g, KB
IR 60 °CHET . M5, 2R GB/T 30956—
20144 frpRk v 15 405 R 4k ) PR B I A i S
FAT: ¥ - s RO €535 15 )FI GB/T 28716—2012
CHRARE rp 6 K 2R B 0 A 0 928 2 R v £ -
R 35 ) DI E DON Al ZEN 5 4t

1.5.3 AR 15RO 2T 24 1 D)

Z: 8 GB/T 6432—2018 { fapR} ok 2 11 gl
IR E R ) MEMEHA ( Crude protein, CP)
i, B GB/T 6434—2022 (Al iRl 2F 4 iy
FrESE ) M EHLEF4E ( Crude fiber, CF) i,
1.6 HUELE

ST SRR SPSS 22.6 HEATHEIH T, A5
FPE a2 RO, A Turkey 3608008 264 7
LT, P<0.05 RELREBE,

2 ZR5iHe
21 RIEHRBRSE ML RBESENNE

W 230 5 R A I OB R BR TR . PE IV R
FEYZNTTR . BRI EELE | AR ZEAIFT T 1.2.1 1Y
JEAE S DON M 3R LR N 24 h, H
1 RTAL, AEY LT TR I RE R A sl 82.75%, I
W BRI TR R 79.62%, TR % B i 5 5%
62.22%, & FHABE KN DON Bz, fHYFL
TR = 52 30 2o T A 2 R ) s K P R r AR A -
AR G 1 A ELAE FI B BR DON. SCHkHRiE , £
T LI T R e A At e E S LA TR B R Y
PERM ), Nathanail 2 S2a6 45 B, [0 4 7
PRk AR & i 8 vl i 5 DON Y C3 v 2 B2 bl
FeAb )5 mT A4 B D3G ( DON-3-O-glucoside, D3G),
DON F1 D3G 4 7] 4 I 5 24 i BE 2 ¥ . Niderkorn
SOV AR FLRRAT I . FLERERT . WIHRERTE . N

100r a
1 b
80 |-£ o
§ S
v60_
i 42
2 a0
o
a
20 b
O 1 1 1
A B C D E

W A HWFLFE B: BREEEE C. WEHVERRE D: Al
FAUAT T E: SO BRI, A R)/NE 7 RER R 22 5 18 2 (P<0.05 ),
T,

Note: A: Lactobacillus plantarum B: Saccharomyces cerevisiae
C: Streptococcus thermophilus D: Bacillus subtilis E: Pentosaccharomyces

cerevisiae, different lowercase letters indicate significant differences
(P<0.05), same as below.

B1 SEESKE DONRER
Fig.1 Single-bacterialiquid fermentation DON removal rate
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FRATTA . BEBK I AR TE N 1Y 202 BRAEAR , 1T
Xt DON & W% Ak R B AE 7L, S 28 SRR B .
DL b ax SE R AN AR P AC fE DON, [H2 K
BB B RE RE K B DON,, 5 o] W [t 33%11 DON,

HIIE 2 AT, ZEAH RS0, R EERE Y
WAL R R AR, 4 h BF AR 9.47%, 12h
JEIWEAR R, BRI s A LT R RSO A

BRE M MAER Y, 24 h BB AR AT 82.75% 1
79.62%, ZJEEERNE TAE, RIASHE 5% i i
e 3 AR BRI R AE RS R BT X DON Ay i
BRAEAE 24 h PN, Bl SO B[R] B I AS 48 8, ]
FIE AR PR Sy AT A 240 i XoF 75 25 1 IO R A P e I iz s [
FOBG TN B WS, 76 24 h kB, Bl 1R
FasE R,

1007 A 1007 5 100 [ ¢
a a a a
< 80 T < 80f £ 80 o
¥ 60 = ¥ 60 b ¥ 60
g c H#E c [ e 2
% 40 . 8 % 40} = % 40 gL
- . S Z <
2o g ] Sl 1 \ g f]
Rl IRIRERENES , LH AL A InIRIRINES
4 8 12 16 20 24 48 4 8 12 16 20 24 48 4 8 12 16 20 24 48
BfiEl/h B [El/h AfiEl/h

T A HWIFLITE B: SN RBRT C. BRIEREL) .

Note: A: Lactobacillus plantarum B: Pentosaccharomyces cerevisiae C: Saccharomyces cerevisiae.
2 A[E) = R A i Ak A B 2R
Fig.2 Detoxification rate of thethree strains over time

WX rt 5 35 fii S5 B R B S AL B BT 5 X T RE S h T AL LT B8RSR P B 44 D 2

3 2 X6 AN [ A B 1 TR R 4 L BE XF DON
MR, &3 ATRVE Y, fEdbE SR — Bt Rl e
3 AR BAT A1) T 4H LR K % 20 i P R A4 DON, R[]
REHZAF I X DON #R g s B, Fei% s 24~
48 h B AR TR B AR A, KT 20 R 1 VA A o
fm TARKIE A AT A 2 (P>0.05), i,
TR VP9 R ) 1A 4 2L TR 2K 2 R ) TR 24 Sy
90%, JAH FER B K TE A0 290 65%

PRPETR , BREBEZHIE, H—OH. —NH “F5:H]
2 BRACK, A FITF DON ByFE AFILE G5 B BErE
JE— R UEY, BT AR AR, KA
Joi, 2 RE v R A SRR L A SR A R Ry
5, feig 5 DON 54U, mah, Pukbrflide
TR 41 605 O SR R 22 SR 1) B R O
2, RIS PR K, W ER
F g B £ g

100TA mm 24 h 100 B =24 h 1007 C mm24h
=48 h =48 h =48 h
° 801 §‘ 80 [ ® 80+
% ol ¥ ool # ol
1‘%’reo § 60 § 60
% 40 % 40 % 401
A 20°F A 20t A 20
0 0
0 R KIE 2L KGN R IEHL KIEHH R KIE ML KGN

T A: BRIEBEE: B: AHYFLITE C: OB BKTE

Kl o4, aTRIFE Y, 7678 DON AR S HEh 5 57

Note: A: Saccharomyces cerevisiae B: Lactobacillus plantarum C: Pentosaccharomyces schizococcus.
3 BB E X DON HY IR fif 2
Fig.3 Adsorption rate of DON by detoxified strains of bacteria
3 PR DON JBEFEIG MY BUE CLOTFE 45 R UL B, 3 BREEXS DON (I REMETESS . 458
MEBFsE e SR, VLB 3 BRIEXT DON RYJBEER 2 L)

72 h J5, 3 BRE M iGN EYH DON
EEMEA N, {H DON R L 10%., HEit

R 3, SIS i G R A
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z
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| ealll *Lalll ﬁ!ﬂ |l
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A B C D A B C D A B C D
A: KIE LB B: LW A: KRB B: LW A: KiE FEW B: LW

C: KiEHMAAY D: HENEY
TE: A MR ERTE B: HWIFLATF A C: BRHNREE):,
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C: RiIEHMNEY D: HENEY

Note: A: Pentosaccharomyces cerevisiae B: Lactobacillus plantarum C: Saccharomyces cerevisiae.
B4 BiSHERI DON KRR R
Fig.4 Degradation rate of DON by detoxified strains of bacteria

2.3 IRt s =B S R B AR IR PR E A

T 0T LR RE 3R 04 WL B 23 5 240 T o 2
WeREAT DG, HLA A3 R4 10 1% 240 JE0 R 235 ¥ X6 75 2R 1Y
W RO FHELAT AT 20, R, AR SR e T 7
BEADL B T 9 BT R 4 3 R TR X DON f8 1 o % fie
W RFE R, ZEIRULIE 5. ATLAE Y, LR R — B
))&, 3 Mk B 7R BV h X DON 1 i i 3 5% 7
Wi, 763 h BB, OB ERE A FL
FEE X DON Bl ] 355 80% 44T, v i)
XF DON MiERRA[GAF] 65%; 1 e Uz B T
M 300 min, 3 #R [ XT DON B B %A L 15%,
FW 3 R ERLIL S M R] = AR BR DON, [H]
B X DON (14 fife W i 2 A1
24 INEMEXRESEZERSIRIEN

WO 6 1 3 R TRT AR A T TR TR R T
HRE LB Ee, R 3 AT, Rm/hAE DON %
e P R 2R KU A TR B> OB e Bk T > A ) FLAF
B, SRR RS HTAE S, 0 O R BR R | TR
BEFVR 4 FUAT B B B 4 R B 20508 1107 1x10°

1x10° CFU/g B}, %82 /NE P DON i 5 % &t
H, A 79.49% ., 32 AP R UG IR R
FLEAUAT BRTR &  IE AT R A 2k % rh 71%09 DON,
FET L 25 22T 1 0 1 1) A0 — o b 05 2R AT T 2 e
XF &K 2 DON [REMf 3N 73.25%, TEABITEH
3 Mt A B G K BEXS /N A Hh DON It 8 58 fi = ik
79.49%, VLBHFTTREN) 3 MR 45 2L R AE Y S &
BB DON [ BT T 484 sk .

e DA} i A L 22 Rl LT T R ST U
PG A58 A FH 0 %6 4 1Y) 3 #R 1 X DON A1 ZEN
BRATG Y BT A ERE, H3k 4~5 7T,
DB BREA . TR P B AR LR B B B e P et
X DON [ #5351 R 33.45% . 28.03%Fil
25.73%; ABEIERE BN 1x10°, 1x107, 1x10°
CFU/g i, X EXKHH DON i 25 R i vl ik
61.54%; 3 BREH PR A TE 1x108 CFU/g I,
XFEE R oK ZEN BaER R m s 78.15%, ¥
Fi 2V 0 B — bR RE ZEAUAT R BL-17, X
TR . ZEN Fil DON =g & [ R 4 il al ik
74.38% . 98.31%F1 39.66%., I 224 v 31—k

807 A 16 100 100 [ C 10
4R e X
S 60 g S8 S 80 z 5
o PECe s ' 2
= //»—d"'/' 8 & % 40 % 40 ¢ B
g 20 - R j4 2 8 8 2 - R Z
= - fRHEE 12 A [ A - fRWHE 10/

0 oL . . . . .16 L o o 14

051.01.52.0253.03.54.04.55.0 0.51.01.52.02.53.03.54.04.55.0 0.51.0152.02.53.03.54.04.55.0

I} 1E]/h

T A9 RME BRI, B OMMMITLITIA, C NEUEREL):.

A E] /b IHE)/h

Note: A: Pentosaccharomyces cerevisiae B: Lactobacillus plantarum C: Saccharomyces cerevisiae.

B5 fiE

B X DON B BR piiE 5

Fig.5 Adsorption of DON by detoxifying bacteria
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Table3 Statistical table of results of wheat
DON detoxification orthogonal test

il @Mq*mgL%ﬁ$1wﬁ$z%ﬁ$3

PR EERE AT
1 1 1 1 37.03  40.82  43.10
2 1 2 3 4794 4772  49.79
3 1 3 2 50.81 5092 50.55
4 2 1 3 52.67 49.92  52.26
5 2 2 2 55.71 57.70  57.34
6 2 3 1 79.22  79.75  79.50
7 3 1 2 55.65 57.35  59.64
8 3 2 1 50.62  56.76  55.87
9 3 3 3 61.75 6299 61.28
K1 418.68 448.44 522.67
K2 564.07 479.45 495.67
K3 52191 576.77 486.32
k1 46.52 49.83  58.07
k2 62.67 5327 55.07
k3 57.99 64.09 54.04
R 16.15  14.26 4.04
TP MR BN REEL

BRI 2 MERE3 FFETL

TE: R K", "k, “R” WIEZESELIEM IS4, “K”
h IEAE e A BB A O[5 KSF % R I E (B R A k7 S KT
ERTPEE; “R” AR RII P KA S R/MEM 2, LR
JTFPEER . BREER 1. 2. 38 3 DFTELEBLER., TER,

Note: In the table, “K”, “k” and “R” are the intuitive analysis
parameters of the orthogonal test, and “K” is the sum of the measured
values corresponding to different levels in the vertical columns of

the table; “k” is the mean value of “K”; “R” is the difference between
the maximum and minimum values in the factor columns. “K” is the sum

of the measured values corresponding to different levels in the vertical
columns of the table; “k” is the mean value of “K”; “R” is the difference
between the maximum and minimum values in the factor columns.
The results of the experiment are on a dry matter basis. The orthogonal
text 1, 2, 3 were the result of 3 parallel experiments. Same as below.

it TEA ZE AT 1, X DON [ [t R ] 3K 92.440%,
RIS FEIATE CIRPRHAS IR s Al B 5% )
ARG IR 0 3 PRI R H W as A0, wl)™
Z N TR R R MR . 3 BREAX E oK
DON (BB FAE T /N2 DON ISR, nIREZ
F KW DON 1 ZEN k57504, MZMEERTTIM)
JEURE B — 35 75 Y i JFURE I 75 Bk B
Xf B W5 /NA CP HI CF i d-AT I , 4%
mEl 6 Fin, HEIEEZE/INE L 3 MRas A I A &
KW, Hr CP &g Aiem, CF &mFEL,
UL BTIE 3 TRIARIR A & BEAEA SUBRR /N h i R
o FRT A, o HL B 35 A I TG K K i 728,

PUPIST R St 2R 100 7 I N |- £24 e

HPFLAT R 3 MR, o iembia . Bl

o JEURHAS N B SRR 2R, KB Ay [ 25 kI8 T
®4 ERDONBREBEIXIXWHRFITE

Table4 Satistical table of theresults of the orthogonal
test of corn DON detoxification

D& PRI bi-L7] DON DON  DON
HERE BEREE ALATE R 1 B 2 MR 3

—_

1 1 1 22.88 22.31 23.10

2 1 2 3 32.31 3291 32.77
3 1 3 2 35.02 34.46 33.36
4 2 1 3 33.65 34.82 33.70
5 2 2 2 33.02 32.83 33.60
6 2 3 1 31.14 30.23 31.47
7 3 1 2 37.91 39.19 40.98
8 3 2 1 61.63 61.33 61.67
9 3 3 3 42.32 43.33 43.99

K1 269.12 288.54 345.76

K2 29446 382.07 320.37

K3 43235 32532 329.80

kl 29.90 32.06 38.42

k2 32.72 4245  35.60

k3 48.04 36.15  36.64

R 18.14 1039  2.82
WtE R R RYEL
HE FRHE 3 BE 2 HE L

x5 ERZENBREEZIBWLERGITE
Table5 Statistical table of theresults of the orthogonal
test of corn ZEN detoxification

i R L] ZEN ZEN ZEN

W WERRTE  FLATIE TR 1 BEER 2 R 3
1 1 1 1 3362 3398 3621
2 1 2 3 4265 4316 44.98
3 1 3 2 43.68 4623 4321
4 2 1 3 5113 5358 53.69
5 2 2 2 56.48 5516 5232
6 2 3 1 66.97 65.56 67.01
7 3 1 2 7494 7456 7432
8 3 2 1 67.61 6672 6532
9 3 3 3 79.68 7461  80.17
K1 367.72 486.03 503.00
K2 52190 49440 520.90
K3 65793 567.12 523.65
kI 40.86  54.00  55.89
k2 5799 5493 57.88
k3 7310 6301  58.18
R 3225 901 229

RAE SR mUERE YL
e W3 BRR 3 FFR3
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Fig.6 Changesin CP and CF content of wheat and corn before and after fermentation

AT, R IR IS AR Y SR S BRI AR
fErERef B AR T, HRMESEE B MEER
HIEAR . BeAh, TREE PO TR & EE A X
TR R O E (&SR B (Aflatoxin
By, AFB1), ZEN Hl DON) FI& =M E R0,

S5 SR A iR I IR AS R B 3 d S, H
T P TR 75 28 B g o SR S D B R 2
FORT T R P RR FLRR R R S 0 R ORI A T K B, 45
U] W F DR P A RE R &, X AFB1.
ZEN F1 DON HREMER5I 51K 86.72% . 100%F
43.19%, I, EE B EFIE M T 20T,
[P 285 24 T T A ISR 85 e iUk B T i 25 % 1 Y (] B
DA T HAE RN E

3 #it

AMFFEIEE T 3 R T SRR R /N2 A K
H1 DON (a5 A0, BISCOME R BR1AT . TR I B A
FYIFLFTFIE, 24 h BRIEBLFER S5 79.62% .
62.22%M1 82.75%. H. 3 BEER X} DON [ B LAWK
BEVERCA 3, BRI T 15%. TEOUIRIE 1)
B LEBET AT, 3 HREX/NZ DON 5 % fie
Bk 79.49%, XF & DON Hl ZEN [ i 2 % % i
53 315K 61.54%F0 78.15% LAl 3 #REREX A W3S
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